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In this study, synchrotron-based x-ray absorption microspectroggep§AS) is applied to identify

the chemical states of copper-rich clusters within a variety of silicon materials, including as-grown
cast multicrystalline silicon solar cell material with high oxygen concentration and other silicon
materials with varying degrees of oxygen concentration and copper contamination pathways. In all
samples, copper silicidéCu;Si) is the only phase of copper identified. It is noted from
thermodynamic considerations that unlike certain metal species, copper tends to form a silicide and
not an oxidized compound because of the strong silicon—oxygen bonding energy; consequently the
likelihood of encountering an oxidized copper particle in silicon is small, in agreement with
experimental data. In light of these results, the effectiveness of aluminum gettering for the removal
of copper from bulk silicon is quantified via x-ray fluorescence microscopy, and a segregation
coefficient is determined from experimental data to be at lehas®) X 10°. Additionally, u-XAS

data directly demonstrate that the segregation mechanism of Cu in Al is the higher solubility of Cu
in the liquid phase. In light of these results, possible limitations for the complete removal of Cu from
bulk mc-Si are discussed. 2005 American Institute of PhysidDOI: 10.1063/1.1827913

I. INTRODUCTION forming bands of states within the silicon band gap, thereby
providing very effective pathways for recombinatidi®
Copper is an ubiquitous contaminant in silicon-based de-  The precipitation of copper is unfavorable in structurally

vice technology that can be easily introduced into the bulk ofyefectp-type silicon because of the significant lattice strains
SI|ICOI’? wgfgrs. Accordmg_go the existing data on _;olgblllty involved in the formation of copper-rich precipitat]éq)os-
and d.nffusmty of C”.“.” St ‘T’lt only 1%5 OS the equmb_rlum sibly limited by the relatively lower diffusivity of ejected
S.Ol.l:b'l'.ty of Chu It?] Stl |éas hlghtas sz’ and ]Ehe_dlflfu_— silicon self-interstitials, compounded with the energy re-
Sy IS suc al “u can traverse r@] of singie quired to change the charge state of Cu upon precipitétion.

crystallinep-type silicon in 'under 10 Q\:M!Dt).Accordl'ng opper precipitation in bullp-type silicon can occur if the
to the current understanding of the electrical properties an S C . L
u contamination level is high and the chemical driving

defect interactions of copper in silicdn, interstitial copper R = ,
is a shallow donor with relatively benign electrical activity. force for pre.0|pét§1}|2cirl14|s sufflment to overcome the barrier
On the other hand, copper-rich precipitates are known tdO" Precipitation.”="“"More importantly, even in low con-
severely reduce the minority-carrier diffusion length bycentratlons copper readily precipitates in the presence of het-
erogeneous nucleation sites, such as stacking faults or certain

types of dislocations> ™2 It is also known that metal-rich
dauthor to whom correspondence should be addressed; electronic mai .yp

buonassisi@alumni.nd.edu Clusters can bge incorporated into structural defects during
PElectronic mail: istratov@socrates.berkeley.edu crystal growthl.
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Multicrystalline silicon(mc-Si, the cost-effective mate- processing. It has been reported that copper is readily get-
rial out of which an increasing 50% of solar cell modules aretered from silicon to aluminum even during a medium-
currently producea? typically contains high transition-metal temperature anneit; ¥’ yet that some Cu may resist
concentrations combined with a high density and variety otg]etteringz.7 Herein, we report the chemical state and distri-
structural defects. Not surprisingly, copper-rich particlesbution of Cu within an Al gettering layer of variable thick-
have been observed at structural defects in poorly performaess, estimate a segregation coefficient based on x-ray fluo-
ing regions of mc-Si solar cell materfd,*> complementing ~ rescence microscopiy:-XRF) data, and discuss the possible
neutron activation analysis data reporting Cu concentrationghysical mechanisms that oppose the complete gettering of
in mc-Si as high as 18 ¢cm3.2° While Cu-rich clusters are Cu in mc-Si to the Al gettering layer.
undoubtedly not the only type of defect responsible for re-
ducing the efficiencies of mc-Si solar cells, their known re-
combination activity and repeated observation in poorly per-”' METHODOLOGY

forming regions indicate that they most certainly can be a  copper-rich clusters in four types of silicon materials,
contributing factor. with varying amounts of oxygen and intentional copper con-
The chemical states of these Cu-rich clusters have Widq:amination’ were investigated in this Study' Samp|e Specifi_
reaching implications for predicting the stability of these cations are as follows:
clusters, and ultimately, their impact upon mc-Si solar cell  Sample 1:Float-zone silicon intentionally contaminated
device32.2'27 For example, it is much more difficult to dis- with 3—4X 1016 Cu Cm_3 during Crysta] growth_ Float-zone
solve and getter copper from copper oxide or copper silicatgrystals were grown at the National Renewable Energy
clusters than from copper silicide, due to the higher binding aboratory(see Ref. 38 for details The particular crystal-
energy of the metal atoms to those compoufidBrevious  growth conditions lead to a high density of structural defects.
studies that have attempted to determine the chemical stalgith no intentionaln- or p-type doping, the actual conduc-
of Cu-rich clusters in Si are largely restricted to transmissionivity of the sample was-type, as evidenced by the rectify-
electron microscop(TEM)-based energy dispersive x-ray ing behavior of a thin Pd diode evaporated on the polished
spectroscopy and diffraction analyses of copper precipitategnd chemically cleaned surface.
in samples prepared by in-diffusion of unusually high Cu  Sample 2:Misfit dislocation heterostructure, consisting
concentrations, or grown from a heavily Cu-contaminatecof a 2-um-thick n-type Sj osG&) o, middle layer between a
melt?® % In these studies, a species of copper silicide.2.5-um n-type silicon bottom buffer layer on @01) silicon
17-CWwsSi, is the predominantly observed phase. substrate and a 2.am-thick n-type silicon cap layer. At the
The question arises as to whether copper-rich clusters itwo interfaces between the SiGe and Si layers, a network of
intentionally contaminated samples are of a phase identic®0° misfit dislocations forms parallel to the surface and
to that found in samples containing lower Cu concentrationspropagates in thél10) directions, intersecting at 90° angles.
representative of what one might encounter in mc-Si withouCopper was intentionally diffused at 800 °C. Samples were
intentional contamination. Studies of these lower Cu concenfabricated at North Carolina State University.S.A) and
trations are now possible with synchrotron-based x-ray micopper-contaminated at King’s Colled®.K.); further de-
croprobe techniques, due to the higher sensitivities and largrils of sample preparation can be found in Ref. 39.
scanning volumes of these techniqd&® A recent Sample 3:Czochralski silicon containing approximately
synchrotron-based x-ray absorption spectroscuyxAS) 1.8X 1P cm2 oxygen precipitates and approximately 1.5
study found that gettering-resistant Cu-rich clusters inx 10" cmi3 boron was chosen because of the high density of
oxygen-rich silicon had a shift in the Cu absorption edge tgorecipitation sites for metals and high precipitated oxygen
higher energies, interpreted as a possible indication that oxizoncentration. The sample was intentionally contaminated
dized Cu-rich clusters may have formed. with Cu and annealed at 1200 °C in a forming da&b
The objective of this study is to clarify these discrepan-+5%H,) ambient for 30 min. The anneal was terminated by
cies in the literature, and to determine the chemical states @fn air cool.
copper-rich particles located in a variety of silicon-based ma- Sample 4:As-grown, cast mc-Si wafer extracted from
terials with varying degrees of oxygen concentration and Cunear the bottom of the cast mc-Si ingot, where the interstitial
contamination pathways: float-zone silicd#Z-Si) with cop- ~ oxygen concentration can be as high as®1on 3,
per introduced into the melt during crystal growth, copper-  To determine the precise location of copper nano- and
diffused SjqdGey oo/ Si misfit dislocations, copper-diffused microclusters inside each sample, synchrotron-based x-ray
Czochralski silicon(CZ-Si) with oxygen precipitates, and as- fluorescence microscopyu-XRF) was performed at Beam-
grown mc-Si without any intentional Cu contamination. A lines 10.3.1 and 10.3.2 of the Advanced Light Sou&ES)
discussion of the most probable oxidation states of copperat Lawrence Berkeley National Laboratory, and at Beamline
rich and other metal-rich clusters in silicon ensues. 2-ID-D of the Advanced Photon Sour¢@PS) of Argonne
Following the experimental identification and discussionNational Laboratory. At the time of measurement, the focus-
of the chemical state of Cu-rich clusters in Si, it is of interesting optics of ALS Beamlines 10.3.1 and 10.3.2, respectively,
to quantify the effectiveness of the removal of Cu from bulkwere adjusted to achieve optimum spot siggsatial resolu-
Si by aluminum gettering. Since Al is used as the ohmic backions) of 2x3 um? and 5xX7 um? at fluxes of ~1
surface contact material for most silicon-based solar cellsx 10° photons/s. The zone plate optics of APS Beamline
aluminum gettering is a standard part of silicon solar cell2-ID-D achieved a spot size of 200 nm in diameter, with a
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flux ~10° photons/s. The ability to detect metal micro- and
nanoclusters in silicon using the-XRF technique has been
well established®?**° Further details of ALS Beamlines
10.3.1 and 10.3.2 can be found in Ref. 41 and Refs. 42 and
43, respectively. Details of the APS Beamline 2-ID-D zone
plate focusing optic‘%1 and beamlin® are also available.

In addition to the presence of metal clusters, it is also
possible to determine their recombination activitysitu at
the synchrotron beamline, using the x-ray beam induced cur-
rent (XBIC) technique“.6 This technique collects photoex-
cited minority carriers with a Schottky diode p#n junction
in a manner similar to laser- or electron-beam induced cur-
rent (LBIC/EBIC). By simultaneously recording x-ray in-
duced current via a Keithley 428 current amplifier and x-ray
fluorescence data via a Princeton Gamma-Tech Prighi)Si
detector or seven-element Canberra Ge detector for Beam-
lines 10.3.1 and 10.3.2, respectively, one can concurrently
acquire data on the elemental nature and recombination ac-
tivity of metal clusters in silicon with micron-scale spatial
resolution?’

To determine the chemical state of Cu in the samples ang
in the standard materialg;-XAS was used.u-XAS is an

J. Appl. Phys. 97, 063503 (2005)
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FIG. 1. (a) X-ray beam induced current arfl)) CuKa x-ray fluorescence
icroscopy maps of float-zone silicon contaminated witB—4)
X 10' Cu cnT® during crystal growth. Notice the strong correlation be-

umbrella group usually divided into two techniques encom-ween the presence of copper-rich clustéysand the decrease of current
passing specific energy ranges: x-ray absorption near-edgg'iection efficiency@.

microspectroscopy u-XANES) spans from the absorption

edge onset up to 20—50 eV above the absorption edge ons&gamline 10.3.2, to confirm the presence of thHe&CusSi
and extended x-ray absorption fine-structure microspectroghase.

copy (u-EXAFS) spans up to several hundred eV above the

u-XRF, u-XANES, andu-EXAFS analyses of samples

absorption edge. ALS beamline 10.3.2, which can perforni-3 were performed at ALS 10.3.2, in addition m@XRF

both u-XANES and u-EXAFS studies, is equipped with a
two-crystal, fixed-exit §il11) monochromator with an en-
ergy resolution of~1 eV. APS Beamline 2-ID-D, which
could perform onlyu-XANES at the time of this publication,
is equipped with a Kohzu §i11) monochromator with com-
parable energy resolution.

Because each compound has a uniqueXAS

and XBIC analyses of sample 1 at both ALS 10.3.1 and
10.3.2. Additionally, u-XRF and u-XANES analyses of
sample 4 were performed at APS 2-ID-D. Measurements on
standard materials were performed in transmission to avoid
overabsorption effectg.-XAS spectra of Cu-rich clusters in
the silicon samples were obtained in fluorescence mode,
since the total amount of copper contained in these clusters is

spectrum—much the same way it has a unique x-ray diffracbelow the critical threshol® Standard material was mea-

tion (XRD) pattern—a good correlation betweanXAS

sured at both beamlines ALS 10.3.2 and APS 2-ID-D to en-

spectra from samples and standard material can yield a possure that beamline-specific characteristics, such as mono-
tive identification of chemical state. Standards consisting othromator energy resolution, would not obscure the direct

Cu foil, C,O (99+% purity, CuO (97%), and CySi

comparison of spectra obtained at different beamlines.

(99.5% were acquired from vendors. Standard material of

CusSi was prepared at the Institute for Mineralogy at the

University of Leipzig. The CySi reference sample was syn- Ill. DISTRIBUTION AND CHEMICAL STATE

thesized by a solid-state reaction
(>99.9999) silicon and copper in an evacuated silica am-
poule atT=750 °C. For this purpose, Cu and Si powders
were mixed in near-stoichiometric proportions with a slight
abundance of Si, dryly homogenized in an agate mortar, an

from high-purity OF Cu-RICH CLUSTERS

Prior to u-XAS analyses, each Si sample was mapped

with u-XRF to reveal the precise distribution of Cu-rich
8Iusters. The noteworthy observations fraxXRF maps of

then pressed to a pellet. The sample was annealed as 0%th sample are as follows:

scribed above for two days and finally quenched in water(1) For FZ-Si heavily contaminated with Cu during crystal

The resulting phase was checked by an XRD measurement
on a Seifert XRD3000 diffractometef30 mA/40 kV;
Bragg—Brentano geomelryequipped with graphiteg(002)
secondary monochromator and a scintillation detector. The
powder-diffraction pattern was recorded from 5° to 1105 2
with a step size of 0.01°@and 30 s/step, which confirmed
that the resulting material wag-Cu;Si. The 7-CusSi stan-
dard material was also measured with XRDsitu at ALS

growth (sample }, irregularly distributed Cu clusters are
observed at structural defedtSig. 1(a)]. This irregular

Cu decoration is expected for slow-cooled samples,
wherein supersaturated Cu can diffuse to preferred pre-
cipitation sites®® The observed Cu-rich clusters are
strongly recombination active, as revealed by XBIC
[Fig. 1(a)]. Five Cu-rich clusters in this sample were
analyzed byu-XAS.
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FIG. 3. CuKa x-ray fluorescence microscopy map of Cu-contaminated
FIG. 2. CuKa x-ray fluorescence microscopy map of a Cu-contaminatedCzochralski silicon with~10° oxygen precipitates per cnElliptical Cu-

Sip 080602/ Si heterostructure. The misfit dislocations parallel to the surfacefich clusters can be observed, oriented along preferred crystallographic
intersecting at 90°, are heavily decorated with clusters of Cu, confirming thé@rentations.

tendency of Cu to precipitate in the vicinity of structural defects.

Cu-rich precipitates are observed along misfit disloca-
tions in the Sjq¢Gey oo/ Si heterostructurdsample 2. (4
From the CWKea fluorescence mapgFig. 2), one can
clearly see the copper contamination along the network
of 60° misfit dislocations parallel to the surface, which
intersect at 90° angles in agreement with literature
observationé®™! The recombination activity of these
precipitates has been well established by EBIC and
XBIC measurements, and is reported elsewtiefé>?

Two Cu-rich clusters were analyzed yXAS in this
sample.

In the CZ-Si sample containing 1810° cmi™3 oxygen
precipitategsample 3, ~1.1x 10° cm3 copper clusters

are observedassuming a Ca attenuation length of

70 um and an angle of 45° between the sample surface
normal and the detectprAlthough each Cu-rich cluster
covers many pixels in the--XRF map (each pixel=7

X7 wm?) to form a disk- or pointlike shape, as evi-
denced in Fig. 3, the average signal strength within the
precipitate is low, evidence for the distribution of Cu in
the form of many smaller precipitates. Cu nanoprecipi-
tates have been observed in infrared transmission
microscopy:® TEM,* and etching experimeritsto form
elliptical, platelike, micron-sized colonies of along pre-
ferred crystallographic orientations. Interestingly, the el-
liptical Cu-rich microcolonies observed jn-XRF also
appear to be aligned to certain orientations within the
crystal, as shown in Fig. 3. Although the spatial density
of these colonie$~1.1x 10° cm™3) corresponds well to
the density of oxygen precipitaté¢$.8x 10° cmi3), the
morphology of these Cu clusters appears not to be
spherical, indicating that the Cu atoms in this sample
preferred not to homogeneously coat the oxygen precipi-

tion. Three Cu-rich clusters were analyzed//mXAS in
this sample.

) In the as-grown cast mc-Si materigample 4, Cu-rich

clusters were located at a grain boundary in the material,
together with similar amounts of Ni and less abundant
Fe, although no intentional contamination was per-
formed. Theu-XRF map in Fig. 4 shows the Cu distri-
bution along a representative region of the grain bound-
ary. Although the cluster sizes were smaller than the
x-ray beam spot size of 200 nm, the number of Cu at-
oms per cluster was determined to fall within the range
of 3X107+1.5x 10’ by comparison with standard ma-
terials. Were all these Cu atoms contained within one
large spherical Gy8i particle, following the approxima-
tion presented in Ref. 54, the diameters of these particles
would range between 100+15 nm. However, it is also
possible that these G8i molecules are distributed
among a colony of nanoparticles as reported in TEM
studies of intentionally contaminated monocrystalline
Si3® Seven Cu-rich clusters were analyzed by
u-XANES in this sample.

CuK-edge u-XANES scans of the copper-rich clusters

in all four samples yielded strikingly similar spectra to;Su
standard materialFig. 5. A u-XANES comparison of dif-
ferent standard material§Fig. 5(@)] reveals that the

XRF: Cu-Ka (a.u.)
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FIG. 4. CuKa x-ray fluorescence microscopy map along a grain boundary

tgtes, but either US@C_‘ them or their pupched out dislocast as-grown cast multicrystalline silicon. Despite no intentional contamina-
tion loops as nucleation sites for Cu microcolony forma-tion, Cu-rich clusters are present.
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Energy (V) FIG. 6. u-EXAFS spectra comparing Cu-rich particles in Si with;Suand
CusSi standard materials. It is clear that the chemical form of the Cu-rich
(b) clusters within the samples is most similar to the;8lustandard material,
not the Cu-rich silicide. Despite variations of copper contamination pathway

1.0+ —— Cu,Si Standard and oxygen concentration between the three sampleg;,-E¥AFS spectra
e Sample 1 show little deviation from CySi.
-—--- Sample 2

08 J Sample 3

FeK-edge x-ray absorption onset energies, unlike oxidized
iron species that havi€-edge onsets shifted to higher ener-

o

o

>

[ ]

(3]

c

[ ]

Q

S 0.6 - ) :

5 ] gies by amounts proportional to the Fe charge State.

2 0.4 1 In our opinion, this behavior of Cu stems from the

b1 unique electronic properties of Cu in Si. Copper dissolved in

% 0.2 p-type silicon is well known to diffuse predominantly as

E | Cu*.! Recentab initio Hartree—Fock calculations published

2 0.0 - . by Estreichet indicate that Cii will not diffuse as a com-
‘8970 8975 8980 8985 8990 8995 9000 pact[Ar]3d*%s° sphere, but rather, it will promote some its

Energy (eV) electrons from the @to the 4p orbitals to form weak cova-

lent bonds with nearby silicon atoms. Similarly, copper at-
oms precipitated at certain internal voids are predicted to
promote a small fraction of their electrons teplorbitals for

o_—,
()
A

© 1.04 Cu,Si Standard covalent overlap with neighboring silicon atorh$dacro-

g ] Semple4 scopic studies on and models of the properties of copper

2 0.8- silicides have also indicated a hybridization of the valence

£ Cu and Si orbitald>>"**The increased delocalization of Cu

2 0.64 valence electrons can qualitatively explain thekCabsorp-

g tion edge shift to higher energies; as they are photoexcited

& 0.4 out of the atom, Cu 4 core electrons experience a greater

g Coulombic attraction with the Cu nucleus due to reduced

% 0.2- electron screening, and thus require higher x-ray energies for

E photoionization.

2 0.0 S , In agreement with the trend observed in #taeXANES
8970 8975 8980 8985 8990 8995 9000 data, theu-EXAFS spectra of CySi standard material and

Energy (eV) Cu-rich clusters in samples 1-3 again match very well, as

( shown in Fig. 6. It is noticed that the-EXAFS data for a
FIG. 5. u-XANES showing the spectra of standard materials and then i il ; ; i
the excellent match of Cu-rich clusters in a variety of silicon materials withmore Cu-rich phase of copper silicide, 43, are shifted in

the CySi standardb, c, taken at different beamlinesSample descriptions phase_ an(_j amp”tUde relative to the sample data, making a
are provided in Secs. Il and IIl. Notice i) that the edge onset energy of POOTr fit. It is thus concluded that the chemical form of copper

CugSiis not coincident with metallic Cu as would be expected from a metalin samples 1-3 is very similar, if not identical, to £, and

silicide, but is shifted by +1 eV. This can be understood as an effect of thedefinitely not an oxidized species nor a copper-rich silicide
delocalization of Cu-8 electrons in the presence of Si. ’

IV. OXIDATION OF COPPER AND OTHER

CuK-edge absorption onset energy of;Sumatches that of OP/IETALS IN Si

the CyO standard, and is shifted as compared to that
metallic Cu standard. The G{+redge absorption energy shift In the past, it has been suggested that oxidized metallic
of CusSi relative to Cu metal is not typical for all metal precipitates may form within silicon because many species
silicides. Iron metal and silicides, for example, have identicalof metal atom, e.g., Cu and Fe, have higher binding energies
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TABLE I. The enthalpies of formation per mol per oxygen atom at of submicron FeSiinclusions in me-Sf2 A good general

298.15 K for various oxidized metal species. It is shown that the bindingrevieW of these thermodynamic principles is presented by
energy of oxygen to silicon is far greater than that of oxygen to iron or to |, 63
d’Heurle et al.

copper. The same is not true for all metals, e.g., hafnium. Data are from Re

68. There are likely to exist alternative pathways for the in-
troduction of oxidized metal species into mc-Si material.
AH® Large oxidized iron particles could be introduced into the
Compound (kJ/mo) melt, survive the crystal growth process, and become
1/2 HfO, 5724 trapped, e.g., between grain boundaries during crystal
1/2 Zr0, -550.3 growth. For example, iron in stainless steel readily oxidizes
1/2 TiO, ~472.0 at temperatures above 1000 ®Tand the melting tempera-
1/2 Sio, -455.4 ture of FeO; is 150 °C higher than that of silicon. While
1/4 FeSiO, -370.0 molten silicon would invariably attack these foreign particles
1/4 FeO, -279.6 and reduce their size, the observation by McHegal>° of
1/3 FeO, -274.7 partially oxidized Fe inside a Fe+Ni+Cr particle cluster
Cw,0 -168.6

>15 um in diameter seems to suggest that this contamina-
tion pathway may indeed occur. The same pathway is not
predicted to occur for oxidized Cu particles, as the low melt-
ing temperatures of both GO (1235°Q and CuO
to oxidized compounds such as silicates and oxides than 1326 °Q imply that such particles would quickly dissolve
silicides?**"*°While it is true that metals bond strongly to in molten silicon(1414 °Q. Experimental evidence up to
oxygen, the same can also be said for silicon, and thus athis point has shown no evidence for oxidized Cu-rich clus-
analysis of whether a metallic oxide, silicate, or silicide will ters inside silicon crystals.
form should take this competitive oxidation potential into
consideration. It is known that oxygen can form a very stable
and electrically inactive interstitial complex with silicon V- Al GETTERING AND DISSOLUTION
(Oy), not to mention Si@. Table | reproduces the enthalpy of OF Cu PRECIPITATES
formation per oxygen atorthe figure of merit in a balanced Aluminum gettering was performed on a Cu-
equation from individual elements for a selection of oxi- -gntaminated sample to study the gettering mechanism and
dized species, demonstrating that whedi]>[O]>[CU], s effectiveness. A 70@m-thick CZ sample containing
equilibrium thermodynamics predicts that silicon will be the 1op ¢y 3 oxygen precipitates was copper contaminated by a
predominant oxidized species. diffusion anneal at 1200 °C. After the sample was cooled to
While the precise values of enthalpies of formation citedygom temperature, a &m aluminum layer was evaporated
in Table | dO not reﬂect the additional deta”ed CaICUIationSOnto one Surface of the Samp'e through a Wire mesh. Subse_
necessary to account for the formation of a species within Juently, the sample was annealed at 800 °C for 2 h in form-
silicon |attice, this treatment prOVides the Conceptual framei'ng gas ambient in a horizontal furnace to getter the Cu to the
work from which to analyze the prospect of a metal forminga|. The sample was then removed from the furnace onto an
an oxidized species. In the presence of silicon, a strong conglyminum plate, where it cooled rapidly.
petitor for oxygen, Cu will likely be reduced or remain un- The aluminum gettering layer was subsequently ob-
oxidized. This has been demonstrated on a macroscopiserved with an optical microscof€ig. 7(a)] and scanned
level, via the observation that an oxidizing £Sillayer will  with u-XRF [Fig. 7(b)], revealing copper present only where
first form CypO on CuSi, then progress to a final state of aluminum was deposited through the wire mesh. No Cu was
Si0, on CuSi after annealing® Microscopic calculations  detected in an Al layer of the same thickness evaporated onto
predict that although Gus attracted to Qbecause it fits a float-zone control sample, which confirms cleanliness of
nicely into the void at the interstitial site near thg, @0 the evaporated aluminum. The effectiveness of aluminum
covalent Cu-O bonding occu®$,again confirming that Si gettering for the removal of Cu from bulk Si is a likely
wins out over Cu when competing for oxygen. Based onindication of a weak binding energy of Cu to £3i clusters,
these observations and ourXAS measurements, it is con- unlike what one would expect from an oxidized species.
cluded that Cu in the presence of Si wjd]<[Si] will not The chemical state of Cu in the Al gettering layer pro-
tend to form stable chemical bonds with oxygen, and thus/ides an indication of the gettering mechaniSmEXAFS
will likely either form nonoxidized precipitates, out diffuse, analyses of the chemical state of copper gettered to thicker
or remain dissolved if solubility permits. regions of Al[indicated by a dashed arrow in Fig(by]
This treatment can be generalized to other metal anéhdicate that copper has formed a species very similar to that
metal-oxide or -silicate species. For example, the values iidentified in Ref. 64, a dilute Cu solution in AFig. 8). This
Table | would suggest that Hf would form strong bonds toresult directly confirms the generally accepted opifiighat
oxygen even if the heat of formation of hafnium silicide the mechanism of segregation of metals in aluminum is their
were considered, as was experimentally observed by Muhigher solubility in the liquid phase.
rarka and Chan&l. On the other hand, it appears unlikely A different chemical state of Cu is identified in thinly
that iron will form oxidized precipitates within the silicon dispersed aluminum particles on the backgiddicated by a
bulk, if [Si]>[O]>[Fe], as confirmed by multiple sightings solid arrow in Fig. Tb)]. The u-EXAFS from this location

CuO -157.3
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Cu in thick Al gettering layer

4 - = - Standard: Dilute Cu in Al
Standard: 6-Al zCu

Kx(K)

1mm -1.54 ‘

FIG. 8. EXAFS of Cu gettered to thick regions of fdashed arrow in Fig.

0
'lb) XRF: Cu-Ka XRF cts 6(b)]. Notice the fairly good agreement with the standard material of dilute
i (a.u) Cu dissolved in Al.(Standards from Ref. 64.
4001 11090
6
dure, with a micron of Al and an 800 °C anneal, would
@ 8001 remove all Cu from the Si bulk to below the detection limit.
I3 : The residual concentration of Cu in the silicon wafer after Al
%1200- gettering is determined by three parameters, the thicknesses
of the silicon substrate, the thickness of the aluminum layer,
_— and the segregation coefficient, i.e., the ratio of the equilib-
sy rium solubilities of copper in aluminurfc,) and in silicon
1 (cpur) at a given temperature
2000 + — e
0 400 800 1200 1600 Cal
microns kr = : (1)
Chbulk

FIG. 7. (a) Optical microscope image of the surface of a Cu-contaminated The segregation coefficiektcan be derived experimen-
CZz-Si sample with 1®cm™ oxygen precipitates. This sample was annealed - S

at 800 °C for 2 h after squares of aluminum were evaporated onto théa_IIy f“?m the -XRF map I_n Fig. -(b) by taking into con-
surface through a wire mestb) CuKa x-ray fluorescence microscopy im- sideration the Cu counts in the thick Al layer versus the
age for the region highlighted ife) shows the high concentration of Cu counts in the bare silicon bulk, the thicknesses of these two
gettered to the thick Al squarésote log XRF scalg and the fine dusting of Iayers and the XRE attenuation Iengths of thekKzufluo-

Cu in tiny Al particles between the squares. The dashed and solid arrows ' . Lin th | Th . ffi
denote locations ofi-EXAFS scans in Figs. 7 and 8, respectively. r¢Sce”C€‘ S'Qna .'n these two layers. The segrggat_lon coethi-

cient as defined in Ed1) for the sample shown in Fig.(B)

is estimated to bat least(1-2) X 103. This value is a lower
(Fig. 9), while not making a perfect match with any of our

standards, is most similar to ti#eAl ,Cu standard material of
Ref. 64. Precipitates of-Al,Cu, which are known to form
within aluminum layers, are very unstable and dissolve rap- 1.5
idly at temperatures above 400 °C. Therefore, there is no
indication that the presence of this phase would change the
segregation coefficient of copper to aluminum at higher tem-
peratures. At the moment, it cannot be unambiguously deter-
mined why this different phase of copper is observed only in
thin Al layers. One may speculate that the percentage com-
position of copper in the thin aluminum layer increased sub-
stantially during cooldown, either via relaxation gettering of
copper from the bulk and/or a strong temperature depen-
dence of the segregation coefficient. It has been observed, for
example, that Al is effective at gettering Cu from Si at tem- 2 4 6 8 10
peratures as low as 540 %, k (A
The increased solubility of Cu in the Al gettering layer, 6. 0. EXAES of C S 1o thin redt  Molid -
i i h . 9. (o) u gettered to thin regions o olla arrow In Fig.
L?Shp;(?fsfﬁrs?\izyo\:‘v%auk it:llngilr]sigggg);hoaftcijl ;Oéﬁle’j”ann; itsh?n— 6(b)J. Notice the differe%ce betwe_en this gpectrumeimd that of the tgh?cker
regions of Al(Fig. 7). The progression of the measured spectrum from dilute
deed very effective for removing Cu from bulk silicon. How- cu in Al to g-Al,Cu indicates an increasing saturation of Al with gettered
ever, this does not imply that a standard Al gettering proceCu. (Standards are from Ref. §4.

Cu in thin Al gettering layer

- - - Standard: Dilute Cu in Al
Standard: 6-ALCu

Kx (k)
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estimate since a parasitic background Cu signal measured . SUMMARY AND CONCLUSIONS
the fluorescence detector, although much too weak to disturb
u-XAS measurements, is likely to have produced an artifi-
cially high Cu count rate on the bare silicon bulk. Neverthe-
less, this value is close to what one would expect assuming
solubility of Cu in the Al-Si layer of about 0.1-1 at. % and
a Cu solubility in Si at 800 °C of 5% 10' cm3, while
being consistent with earlier res&ﬁsproviding k>1x 103

With the estimated segregation coefficieket2x 10°
and typical solar cell parameters for wafer thicknebs
=240 um and Al layer thicknessv=1 um, one can predict
from the following equatior(from Ref. 66:

Synchrotron-based x-ray microprobe techniques have
been employed to identify the chemical state of copper clus-
tgrs in a variety of silicon materials with varying degrees of
copper contamination and oxygen concentrations. A good
match of u-XAS spectra between Cu-rich clusters in Si and
Cu;Si standard material allows one to conclude that Cu-rich
clusters in all four studied materials are indeed&iuln the
u-XANES analyses, theK absorption edge of G8i is
shifted to higher energies. This can be explained by the de-
localization of some Cu-8valence electrons in the presence
of silicon neighbors due to the covalent character of the
bonding. The absorption onset edge shift is concluded not to
be due to the oxidation of Cu atoms within these clusters.
The likelihood of forming oxidized metal species within

[Cu] in bulk after gettering
[Cu] in bulk before gettering

_ Couk _ Chulk _ 1 ) silicon is discussed on the basis of this experimental evi-
Co (Cpui X d) + (Cpy X W) kX w dence, previous work, and thermodynamic considerations. It
d 1+ d is concluded that certain metals such as Cu and Fe are un-

likely to form oxidized species within a silicon matrix be-
that an upper limit of about 90% of the total copper contentcause silicon bonds to oxygen more strongly than do these
can be gettered from the bulk by segregation to the Al layermetals. On the other hand, certain metals such as Hf bond to
With a ten times higher segregation coefficigk#,10%, and O more strongly than does Si, and thus it is predicted that
all other parameters constant, the same calculation predictRose metals will form oxidized complexes in Si. Further-
an upper limit of over 97%. more, the possibility is suggested that oxidized iron particles

It follows from Eg.(2) that the much lower thickness of may be present in mc-Si wafers via contamination of the
the Al layer than that of the Si wafer leads to a much fastemelt by foreign particles.

increase of Cu concentration in the Al layer than its decrease  Aluminum gettering is shown to be very effective at get-
in Si. Thus, when equilibrium is reached, Cu concentration il’tering copper from silicon, a natural consequence of the fact
the bulk may only decrease by a relatively small factor. It isthat copper is only weakly bound to copper silicide particles,
likely that the remaining dissolved Cu in the bulk will repre- and thus at higher temperatures Cu can readily diffuse to the
cipitate during cooling, especially with the high density of Al layer where its solubility was experimentally determined
structural defects present in mc-Si. This is consistent witho increase by at least three orders of magnitude.

numerousu-XRF observations of Cu-rich clusters at struc- 4,-EXAFS reveals that the chemical state of Cu in thick Al

tural defects in Al-gettered or fully processed mc2Si=2
Irrespective of the precise value kfit follows from Eq.(2)

gettering layers matches well that of a solid solution of Cu in
Al, consistent with the notion that the mechanism of segre-

that thicker Al layers should result in the removal of a largergation of copper in aluminum is its higher solubility in the

fraction of the total Cu from the bulk during gettering.

liquid phase, which does not necessarily imply any chemical

Other mechanisms may also be responsible for retardingonding of copper to aluminum. Despite its effectiveness, Al
or inhibiting the complete dissolution and removal of all gettering does not remove all Cu from the bulk. The segre-
CusSi clusters during gettering. G8i clusters, or individual gation coefficient and the relative thicknesses of the Al and
Cu atoms, may be stabilized either by the lattice strains of;j layers determine the ungettered fraction of Cu, which may
adjacent structural defects or other metal cIus*’tb?%.Spe- promptly reprecipitate at the most stable heterogeneous
cifically, the chemical interactions between Cu and othehuycleation sites within the bulk upon cooling. In addition, a
metal speciegof which mc-Si contains an abundafit®)  few possible mechanisms retarding the dissolution ofSTu
are not well understood at the present time. The singulaglusters have been described, namely, stabilization by the

result of all these effects would likely be a somewhat lowerattice strains of nearby structural defects and/or other metal
effective segregation coefficient for mc-Si than that forclysters.

single-crystalline silicorfsc-Sj. As a consequence, more Cu

is Ilk_ely to_r_emam v_wthln bulk mc-Si after Al gettering thgn ACKNOWLEDGMENTS
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